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Abstract

The magnetic interlayer ordering in Fe(3)/V(14)Hx (001) superlattices exhibits dramatic changes on
changing the hydrogen concentration. From initial antiferromagnetic (AF) coupling with TN = 370(7) K,
the introduction of H (H/V atomic ratio of 0.06) gives rise to ferromagnetic (FM) alignment at room
temperature. When cooled, the magnetic ordering exhibits a transition from FM to a canted state below
200 K. Further increase of the hydrogen content (H/V ≈ 1) gives rise to FM-ordering at temperatures
between 30 and 300 K.
c© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the discovery of the oscillatory magnetic ordering in metallic multilayers [2,3],
substantial work has been devoted to the exploration of the exchange coupling. Currently, the
RKKY [4] and the quantum-well [5] models are the commonly accepted interpretations for
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the coupling in transition metals. Both these models attribute the basis of the coupling to
extremal values of the Fermi wavevector and the discrete lattice spacing of the constituents.
In both, the coupling between ferromagnetic (FM) layers oscillates between parallel (i.e., FM)
and antiparallel (i.e., antiferromagnetic, AFM) alignments as a function of the thickness of an
intervening spacer layer. Biquadratic coupling (BQ) is not obtained as an intrinsic property within
these theories. Models such as that presented by Slonczewski [6] are required to describe the
occurrence of BQ-ordering. The bases of his models are the existence of “loose spins” at the
interfaces or competing FM and AFM interactions originating from the discrete variation in the
thickness of the spacer layers.

The interlayer exchange coupling in multilayers can be tuned by, for example, alloying the
spacer layer. By alloying, it is possible to shift the AFM region, as well as the strength of the
coupling. When the spacer layer does absorb hydrogen exothermically and the magnetic layer
does not, it is possible to selectively “alloy” the spacer layer after growth. Hence, by alloying
with hydrogen, it should be possible to strongly influence the exchange coupling of magnetic
heterostructures. The plausibility of this experimental route has been demonstrated for two types
of multilayers, namely Fe/Nb(110) and Fe/V(001) [7–10], where Nb and V absorb hydrogen
exothermally and Fe does not.

The hydrogen uptake of Fe/V superlattices is well-known; see, e.g., Ref. [11] and references
therein. Fe/V samples can be reversibly loaded and unloaded with hydrogen at room temperature,
or higher, without their structural quality being affected. Concentrations close to 1 in H/V
(atomic ratio) are reversibly obtained, in remarkable contrast to, e.g., the previously observed
cycling effects in Nb (110) films [12]. The introduction of hydrogen allows one, therefore, to
alter the electronic structure of the spacer layer, without affecting the interface roughness or the
intermixing of the sample. In Fe(3)/V(15) and Fe(3)/V(16) superlattices, where the numbers in
the brackets denote the number of monolayers, the introduction of H was found to induce an
AFM-ordering in a narrow H concentration range [9,10]. It was concluded that the transition
could not be caused by the change in V thickness, since this would require contraction of the V
layers. The modification of the Fermi surface in the V layers must therefore be responsible for
the observed changes in the magnetic ordering.

The influence of hydrogen on the exchange coupling was explored theoretically by Ostanin
et al. [13]. Their analysis supported the view of the importance of the changes in the electronic
structure, as compared to the changes in the lattice parameter. Furthermore, the magnetic moment
of the Fe interface layers was influenced by the presence of hydrogen in V, through the Fe–V
hybridization, at the interfaces. The moment of the V interface layer (AF alignment with respect
to Fe) was less affected by the presence of H, according to [13]. The change in the total moment
was recently determined by in situ measurements [14], for 2, 3 and 6 monolayers of Fe in Fe/V
superlattices. The results unambiguously proved a large increase of the macroscopic moment and
an increased ordering temperature for these structures at high hydrogen concentrations. Thus the
experimental and the theoretical investigations are consistent with respect to the reduction of the
Fe-magnetic moment at the interfaces, the cause being the hybridization with V. By introducing
H in the V layers, the hybridization is affected, causing an increase in the moment of the Fe
layers. However, no conclusive evidence on the balance between the changes of the moment in
V and Fe exists.

Here we will explore the temperature dependence of the magnetic ordering in an
Fe(3)/V(14)Hx (001) superlattice (with x = 0, 0.06 and 1). We will show non-trivial temperature
dependence, including a transition from an FM to a canted state. The origin of these changes will
be discussed within the current theoretical understanding of these structures.
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2. Experimental details

2.1. Sample preparation

The Fe/V (001) superlattice was grown on 20 × 20 × 1 mm3 epi-MgO (001) substrates, as
described in Ref. [15]. There were 70 double layers (3 ML Fe and 14 ML V) with a total thickness
of 178 nm. The sample was covered with 10 nm Pd to prevent oxidation and to facilitate hydrogen
uptake and release. X-ray reflectivity and high-angle X-ray diffraction analysis revealed good
crystal quality, well-defined repeat length, and chemically sharp interfaces. The layers have an
intrinsic ±1 monolayer thickness variation, as the growth is not phase locked. The thickness
variation originates from the incomplete formation of the last monolayer of each layer during the
growth. The Fe/V superlattice is oriented with the [100] and [010] directions along the substrate
diagonals [14].

2.2. Neutron scattering

The magnetic interlayer ordering can be directly monitored using spin-polarized neutron
reflectivity [16–18]; thus the chemical composition and the vectorial magnetization profile in
the sample can, in principle, be simultaneously determined. The measurements were performed
with neutron wavelength 0.475 nm on the NG1 Reflectometer at the NIST Center for Neutron
Research, in air and in a closed cycle cryostat with in situ H-loading capabilities. A similar
instrument has been described in the literature [1]. The sample was mounted so that the magnetic
field was applied along the Fe/V [110] direction, which is parallel to the MgO substrate edge.
Measurements were made between 30 and 350 K in a field between 8 and 2000 G. The hydrogen
pressure was varied from 0.1 to 105 Pa. The kinetics were sufficiently fast enough to allow one
to load and unload the samples at room temperature.

The incident neutrons can be polarized in one of two states, + or −, and can be scattered
with or without change of state. Thus four cross sections, (+, +), (+, −), (−, +), and (−, −)

can be measured, where the first and second signs refer to the incident and scattered polarization
states, respectively. The non-spin-flip (NSF) scattering is due to a combination of the chemical
scalar scattering potential (n) and the component of the magnetic moment vector perpendicular
to the momentum transfer vector, Q, and along the polarization axis (y) which is parallel to the
applied field. The (+, +) scattering depends on the sum of these potentials, whereas the (−, −)

scattering depends on their difference. For a superlattice structure, the first peak in the scattered
intensity will be found at scattering vector Q1 = 2π/Λ corresponding to the superlattice repeat
distance, Λ. A ferromagnetic contribution of the Fe layers can be derived from the splitting
between the (+, +) and (−, −) cross sections at the Q1 peak position. The splitting is, to a first
approximation, proportional to the product of the projection of the magnetic moment (my) and
the contrast in nuclear scattering length ("n = nFe−nVH), (I(+,+)− I(−,−) ∝ "n ·my). Hence, a
change in hydrogen concentration and projection of the magnetic moment will affect the splitting.
For the present sample structure, the nuclear contrast increases with increasing hydrogen content.

The spin-flip scattering (SF) arises from the component of the in-plane magnetization
perpendicular to the polarization axis. At Q1/2 = 1/2Q1, a peak in the scattered intensity would
correspond to a magnetic structure with twice the period of the chemical modulation, e.g., an
AFM or canted state structure. The degree of AFM-order can be deduced from the SF scattering
into the half-order peaks, Q1/2. The intensity of the SF scattering scales as the projection in the
direction of the beam of magnetic scattering amplitude squared

(
I(+,−) = I(−,+) ∝ m2

x
)
. Hence,
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Fig. 1. Reflectivity data from the hydrogen-free sample at 30 K, with an applied field of 25 G along the [110] axis.
The uppermost curve is the non-spin-flip (+, +), the middle curve is the (−, −) and the bottom one is the (+, −) data.
The magnetic structure of the sample is indicated in the insert: the magnetic moments of the layers are rotated 45◦ with
respect to the applied field.

by combining the different components from the spin-flip and the non-spin-flip intensities, a full
in-plane configuration of the magnetic moments of the layers can be obtained.

3. Results and discussion

3.1. Hydrogen-free sample

The accessible range in magnetic field is strongly limited when using the low-temperature
sample stage. Therefore, a number of scans were performed at ambient temperature, to determine
the details of the initial magnetic state of the sample. A typical reflectivity curve is shown in
Fig. 1. For clarity we only display the (+, +), (−, −) and the combined spin-flip components,
since (+, −) and (−, +) are identical. As seen in the figure, a number of rapid oscillations
are present at low Q values. These oscillations originate from the interference of neutrons
scattered at the back and the front side of the superlattice sample. Hence, the variation in the
total thickness is small. The magnetic profile in Fe/V(001) superlattices has been discussed in
experimental [19,20] as well as theoretical [21,22] works as described in the literature. Although
some inconsistency on the details exists, all these support a reduction of the Fe moment at the
Fe/V interfaces. Furthermore, the proximity to Fe causes a magnetization of the V interface
layers [19–21]. The V moment is aligned antiferromagnetically with respect to the Fe moment.

A number of scans (around Q1/2 and Q1) were performed at fields up to 2000 G at room
temperature. In the range of 50–1000 G, the difference in the NSF intensity (I(+,+)–I(−,−) ∝
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"n · my) at Q1 scaled nearly linearly with the field. In the same field range, the square root of
the half-order SF intensity scaled as

[
1 − (H/H0)

2], as expected for AFM-interlayer-coupled
samples. The saturation field (H0) was determined to be 1.1 (1) kG at 300 K from these
measurements. The presence of a V-magnetic moment at the interface does not influence this
analysis, since we are regarding the first-order Fourier component of the scattering profile, which
is determined by the difference in scattering length density (b) and not the detailed shape of the
magnetic profile.

In the range 0–50 G, large changes in the SF, as well as the NSF intensities were observed.
At 25 G (see Fig. 1), the SF and the NSF components have approximately the same intensity
at Q1/2. This is consistent with both in-plane components of the magnetization being aligned
antiparallel in alternating layers, with roughly equal components of alternating moment along
the x and y axes. At fields larger than 45 G, no NSF component is observed at Q1/2.

Hence, the data are consistent with a reorientation of the magnetic moment. At low fields,
the moments of the AF coupled sample are tilted π/4(3π/4), with respect to the applied field.
With increasing field, the moments are rotated, and are close to ±π/2 at around 45 G. Hence,
the results are consistent with an AFM structure, with weak anisotropy and the easy axes being
(100) and (010).

Simulations of data, using the polarized reflectometry analysis code at NIST confirmed the
consistency of the deduced magnetic ordering. From these measurements, the anisotropy field
was determined to be 45 ± 5 G at room temperature. Hence both the field dependence and the
detailed simulations of the scattering profile were consistent with the magnetic moments of the
Fe being aligned in the (100) and (100) or (010) and (010) directions, i.e., two of the easy axes
of magnetization. The deduced magnetic ordering is indicated in an inset in Fig. 1.

At 300 K, samples with exactly 3 monolayers of Fe are found to be magnetically isotropic in
the plane, independent of the V layer thickness. However, the anisotropy appears and increases
with increasing Fe thickness [23]. Hence the average thickness of the Fe layers in the current
sample can be inferred to be slightly larger than 3 monolayers.

The influence of the temperature on the magnetic ordering is illustrated in Fig. 2, where the
reduced magnetic moment (m = M/MS) of the layers, is plotted as a function of temperature.
The measurements were performed with an external field of 100 G, which is roughly two
times larger than the anisotropy field at room temperature. Consequently, a reorientation of the
magnetic moments is observed at a temperature where the anisotropy field becomes larger than
the applied field. This transition takes place between 250 and 300 K, as indicated in the figure.
The magnetic ordering, with respect to the applied field, is also illustrated in the figure. By fitting
the reduced moment with (1 − T/TN )β , an ordering temperature (Néel temperature, TN ) of
370 ± 7 K is obtained with an effective exponent β = 0.34 ± 0.03. The resulting fitting is shown
as a dotted curve in the figure.

The deduced magnetic ordering was compared to results from a calculation using a
phenomenological model, described in Refs. [23,24]. In short, the energy density of a magnetic
bilayer with four-fold in-plane anisotropy is given by

E = − J1

d
cos(θ1 − θ2) + J2

d
cos2(θ1 − θ2)

+ 1
2

K
4

(
sin2 2θ1 + sin2 2θ2

)
− Hm

2
(cos(θ1 − φ) + cos(θ2 − φ)) (1)

where J1 is the bilinear coupling constant, J2 is the biquadratic coupling constant, θi is the
angle of the magnetization m in layer i with respect to the easy axis, K is the anisotropy and
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Fig. 2. (a) The temperature dependence of the reduced magnetic moment of the layers in the AFM structure. The in-
plane rotation of the moment is included and illustrated as an insert in the figure. The applied field is 100 G along the
[110] axis. The regions marked in the figure correspond to the different anisotropy regions. (I) The anisotropy locks the
AFM ordered moments in the direction of the easy axis. (II) The moments are perpendicular to the applied field. (b)
The simulated temperature dependence of the reduced magnetic moment and the angle of the layers with respect to the
magnetic field. For details, see text.

φ is the angle between the easy axis and the applied field H . The magnetization was assumed
to be the same for all the Fe layers. By minimizing the energy with respect to the angles θi ,
the projection of the magnetic moment on any axis is easily obtained. The projected moment
and the angle between the applied field and one of the Fe layers were modeled using Eq. (1)



Author's personal copy

B. Hjörvarsson et al. / Superlattices and Microstructures 43 (2008) 101–111 107

and the results are shown in Fig. 2(b). The bilinear and biquadratic coupling constants were
set to be J1{J/m2} = −HsMsdFe/4 and J2 = 0. As seen in the figure, the experimental
data in Fig. 2(a) are qualitatively as well as quantitatively reproduced. The saturation field
was previously determined to be linear with temperature, Hs{T} = 0.306–0.2 × 10−3T {K},
in Fe(3)/V(14) superlattices [25]. Furthermore, the anisotropy was previously established to
be linear with temperature for Fe(4)/V(4) samples [26]. As seen in the figure, a linear model
(K {J/m3} = 13 650–43.5 T{K}) seems to be sufficient to describe the changes in the anisotropy.

3.2. Low hydrogen content

When a small amount of hydrogen is introduced in the sample at room temperature, a
transition from AFM- to FM-ordering is obtained. At a relative change in the scattering vector
of the superlattice peak, ∆Q1/Q1 = 0.02, full FM-ordering is achieved. The structural change
corresponds to an average hydrogen concentration of 6 at. % in the V layers, using the previously
inferred relation between the hydrogen concentration and expansion [27,28]. A field scan at
300 K clearly showed a remanence, consistent with FM-interlayer ordering. Substantial field
dependence of the projected moment was observed (100%/100 G). In Fig. 3(a), we display
the spin-flip intensity at the Q1/2 position and the differences in the integrated intensities of
the NSF peak at the Q1 position at different temperatures. The hydrogen pressure was kept
constant during these measurements. The change in ∆Q1/Q1 with temperature corresponded
to the change induced by the thermal contraction/expansion, which was determined to be
8.2(8) × 10−6 K−1 for the H-free sample. Hence, the hydrogen concentration is unaffected by
the thermal cycling, presumably due to kinetic restrictions.

In order to provide consistent magnetic states as a starting point for the experiments, the
data were collected in the following manner: The sample was cooled from ambient to 30 K,
while a field of −320 G was applied. Thereafter the field was reversed, and increased to +51 G.
After measuring the reflectivity at 30 K (51 G), the temperature was increased in steps and the
reflectivity was measured at each temperature. After reaching 300 K, the measurements were
repeated with decreasing temperature. The observed ordering was found to be reversible with
respect to field and temperature, except in a small region close to the transition temperature,
where there was a significant difference between the cooling and heating. As indicated in the
figure, the Fe layers are FM-aligned above 200 K. Between 160 and 200 K the ordering is
dominated by an FM contribution. However, an indication of a pre-stage to the low-temperature
phase is evident from the turnover in the NSF contribution with decreasing temperature. The
turnover can be the onset of the canted state, stabilized either by anisotropy or biquadratic
coupling. The FM-ordering temperature is estimated to be ≈350 K, i.e. somewhat lower than
that in the unloaded sample. The accuracy of the measurements prohibits more quantitative
comparison. A slight decrease in the ordering temperature is consistent with decreased interlayer
coupling, which is the opposite of the observed increase in bilinear coupling in NbHx/Co
multilayers [29]. Below 160 K, a reorientation of the moments takes place and the magnetic
profile is best described as a canted state. The change in NSF intensity is consistent with a close
to π/4 rotation of the moment from the direction of the magnetic field. The deduced magnetic
order is depicted in insets in the figure.

The field dependence was investigated at 30 K. The maximum applied field obtained with
cooling was 125 G, which is not sufficient for aligning the magnetic moments of the Fe layers. A
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Fig. 3. (a) Half-order peak intensity of the SF and the splitting between the NSF intensities of the Q1 peaks, with an
applied field of 51 G along the [110] axis. The hydrogen content of the sample is ( 0.06 (H/V atomic ratio). The statistical
error is of the size of the symbols. (b) The simulated magnetic interlayer ordering in the presence of H in the V layers
with the anisotropy K reduced to 25% of the value used for the hydrogen-free sample. For details, see text.

saturation field of 191 ± 6 G was obtained by extrapolation, which corresponds roughly to 1/5
of the saturation field at 300 K in the absence of hydrogen. The counting rate in the region of the
Q1/2 NSF peak was close to the background level and almost independent of the applied field.
Hence, the results exclude the formation of domains with AFM- and FM-interlayer ordering, as
a cause for the observed changes in the reflectivity.

Assuming that |mi | is constant at these temperatures implies a single-domain interpretation,
which is in line with previous neutron analysis [8,9]. Therefore the rotation of the moment can
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be obtained by using the normalized intensity of the SF component at Q1/2. The normalization
was obtained by comparing the obtained intensity of the SF component at Q1/2 from the H-
loaded sample with the corresponding intensity of the H-free sample. By extrapolating the field
dependence of the intensity at 30 K to zero field, an angle close to π/2 was obtained between
the adjacent layers. Increase in field or temperature decreases the angle, as expected for a canted
state (BQ-ordering).

These experimental observations were used as input parameters for a simulation of the
projected moment, using the model described by Eq. (1) above. The temperature dependence
of the intrinsic magnetic moment in each layer was assumed to follow the previously measured
asymptotic behavior. The intralayer coupling and the anisotropy were previously found to be
independent of the hydrogen loading at room temperature [23], which was taken as a starting
point in the simulations. However, the data were inconsistent with the latter of these assumptions.
The reorientation of the interlayer order was qualitatively reproduced only with a reduction of
the anisotropy by a factor of 1/2 or less, as compared to the H-free sample. The reduction of the
FM contribution around 150 K was still underestimated when the anisotropy was reduced to 1/4
of the value used in the hydrogen-free case. The bilinear coupling constant, J1, was set to zero in
this simulation, and the biquadratic coupling was J2 = 1.5HsMsdFe/4. Here the saturation field
was Hs{T} = 0.052–0.34 × 10−3T {K}.

The average Fe moment does increase with H content in the V layers through the Fe–V
hybridization at the interfaces [14]. It is therefore conceivable that the anisotropy as well as
the ordering temperature is affected by the presence of H. The change in magnetic moment is
expected to be restricted to the interface Fe layer, and the influence on the moment is expected
to be minute as the change of the hydrogen content is small. It is therefore reasonable to ignore
these changes and focus on the exchange coupling.

The origin of the BQ coupling (canted state) is either intrinsic or induced by steps or loose
spins at the interfaces [6]. It is therefore of interest to note that the step density at the interfaces,
and the amount of loose spins in the V layers cannot be altered by the introduction of H in
the sample. However, the strength of the interlayer coupling is influenced by the presence of
hydrogen. As a consequence, the balance between the bilinear and the biquadratic coupling
strengths can be affected. By increasing the hydrogen content, the relative strength of the AFM
coupling is decreased, but the introduction of 6 at. % of H is just barely enough to switch the
magnetic ordering from the AFM to the FM state. Therefore, when the sample is cooled, it is
plausible that there are two contributions to the rotation of the moments, i.e. the biquadratic
coupling and the anisotropy. The moments initially rotate infinitesimally from the orientation of
the field, driven by the exchange coupling, but the angle between the adjacent layers gradually
increases until a close to π/2 configuration is reached at the lowest temperatures. According
to our analysis, the biquadratic coupling would dominate the rotation, but a stabilization of the
moment at ±π/4 with respect to the field can be caused by the anisotropy.

An alternative understanding can be based on the ordering of local elastic dipoles in the
V layers. At room temperature, the polarized local strain field is viewed to be random in the
plane of the V layers. Hence, strong fluctuations are expected when regarding the nesting
vectors in different regions (nm scale) of the sample. The origin of the change in the nesting
vector is the pronounced local influence of H on the electronic structure of the V host [8].
Thus, a strong disorder is present, which can give rise to both temporally as well as spatially
frustrated coupling. The temporal variation originates in the (high) mobility of H. The in-plane
spatial correlation between the elastic poles increases with decreasing temperature, hence the
expectation value of the coupling would consequently exhibit smaller temporal fluctuations with
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decreasing temperatures. There are currently no measurements available on the spatial correlation
between the elastic poles and the time constant of the hopping rate has not been established.

3.3. High hydrogen content

When the hydrogen content is increased to close to saturation (interior concentration,
H/V ≈ 1), no relative reorientation of the magnetic moments is observed upon cooling. The
sample remains ferromagnetic at temperatures between 30 and 300 K. However, during the
thermal cycling non-recoverable changes with respect to the anisotropy were observed. The
magnetic moment and the ordering temperature were, within the accuracy of the measurements,
the same as the H-free sample.

4. Summary

The introduction of hydrogen in the V layers in Fe(3)/V(14) (001) superlattices induces an
AFM to FM transition at room temperature. With a H/V atomic ratio of 0.06 in the V layers, the
transition is completed. When the sample is cooled while keeping the H/V ratio fixed at 0.06, a
transition from FM to a canted state occurs around 170 K. A precursor of the transition is seen
between 200 and 170 K. The saturation field at 30 K corresponds to 1/5 of the saturation field
of the H-free AFM structure at 300 K. The anisotropy of the sample is initially weakened by the
introduction of H in the V layers. The canted state is found to be partially stabilized by the, albeit
weak, anisotropy of the Fe layers. The origin of the canted state can be inferred to be from the
local distortion in the electronic structure of V. When the H/V ratio approaches 1, the magnetic
structure remains FM at temperatures between 30 and 300 K. The results illustrate the richness
of the ordering of layered magnets, richness which is only partially explored at the current stage.
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